Recent experiments with high-speed ions have investigated potential deviations from the time-dilation predicted by special relativity (SR). The main contribution of this article is to show that the SR predictions are matched by the experimental results only when the transverse Doppler effect in the observed emissions from the ions are neglected in the analysis. However, the Doppler effect in the emission cannot be neglected because it is similar to the time dilation effect. Thus, the article highlights the need to consider Doppler emission effects when validating SR time dilation using high-speed ion experiments.
INTRODUCTION
The interest in potential small Lorentz violations has led to recent interest in experimentally measuring the timedilation predicted by special relativity (SR) using highspeed ions [1] . It is noted that time-dilation predicted by special relativity (SR) has been verified with a number of experiments starting with the classical experiment using Hydrogen canal rays by Ives and Stilwell [2] . More recent experiments have evaluated the time-dilation effect by using Doppler-shifted lasers to excite transitions in highspeed Neon (Ne) and Lithium (Li) ions [1, 3] - [6] . A challenge in using high-speed ions is the presence of substantial Doppler broadening, which is resolved by using two lasers with different Doppler shifts that affect ions at a unique speed. Emissions from the ions are used to identify when the Doppler-shifted laser frequencies match the ion transitions, e.g., using the Lamb dip in the fluorescence spectrum [6] and to optimize the experiment [4, 5] . Then, the frequencies of the lasers used in the experiments and the known transition frequencies of the ions are used to validate SR predictions.
The main contribution of this article is to show that the SR predictions are matched by the experimental results only when the transverse Doppler effect in the observed emissions from the ions are neglected in the analysis. In particular, we review the Lamb-dip-based saturation spectroscopy experiments in [6] and show that the Doppler effect in the emission cannot be neglected because it is similar to the time dilation effect. Thus, the article highlights the need to consider Doppler emission effects when validating SR time dilation using high-speed ion experiments.
SATURATION SPECTROSCOPY WITH LAMB DIP
A transition at frequency (ν o ) in an ion moving with speed v with respect to a laboratory frame F L can be excited by using parallel (co-propagating) or anti-parallel (counter-propagating) lasers as in Fig. 1 . The associated laser frequencies ν p , ν a (parallel and anti-parallel in the laboratory frame) are given by the relativistic Doppler as [6] 
where the normalized speed β = v/c, the speed of light is c and
The ratio R , given by
is independent of the speed of the ions. Potential dependence of the ratio R on speed β is evaluated to test SR. The transitional frequency ν o of the ions is known a-priori, and the frequencies ν p , ν a are experimentally measured.
FIG. 1. SR without transverse Doppler effect in emissions.
The main challenge is to ensure that the lasers interact with ions that have the same speed β. For example, in saturation spectroscopy [6] , one of the laser frequencies is kept constant and the other frequency is varied to observe the Lamb dip in the fluorescence spectrum at frequency ν o , which indicates that both lasers are acting on ions with the same speed.
THE PROBLEM: DOPPLER EFFECT IN EMISSION
The problem is that previous analysis [6] does not consider the Doppler effect in the emissions observed from the ion. In particular, a photon observed in the laboratory frame F L at a specific frequency is emitted from the ion at a different frequency with respect to a frame F I moving with the ion as in Fig. 2 .
FIG. 2. SR with transverse Doppler effect in emissions.
Since photodetectors detect emissions at frequency ν o [6] perpendicular to the moving ions (in the laboratory frame F L ), the corresponding emission frequencyν * o in a frame F I moving with the ions is (from SR, e.g., [7] )
with angle cos θ I = −β in the ion's frame F I . Even though counts in the photodetectors (used to measure the emission) might be insensitive to the frequency of the photon, the observations will be sensitive to transverse Doppler effects if filters are used before the photodetectors. For example, the emission is observed using an interference filter (before the photodetector) centered at ν o with a narrow (10nm) halfwidth in [8] to precisely detect the laser frequency where the Lamb dip occurs -this makes the observations sensitive to the Doppler effect.
The Doppler effect on emissions implies that the observed Lamb dip at frequency ν o in the laboratory frame F L corresponds to frequency ν * o in frame F I moving with the ions. Therefore, equations 1, 2 should be modified to
which yields a different expression for the ratio R than Eq. 4
Thus, if the Doppler effect is included in the emissions, then, from SR, the ratio R is no longer independent of speed β. Current experimental results [6] show that the ratio R is independent of speed β, which would contradict SR prediction (in Eq. 8) if the emission Doppler effect is considered. Moreover, arguments (e.g., shift due to electrical potentials in the ion beam) would be needed to clarify why the transition frequency shifts from ν o to ν * o in the reference frameF I moving with the ion.
DOPPLER EMISSION EFFECT IS NOT NEGLIGIBLE
The Doppler effect on emission γ (in Eq. 5) is the same as the time dilation term γ (in Eqs. 1, 2) that is being measured. Note that there are nonlinear second-order β 2 terms in Eqs. (1, 2) if observations are at frequency ν o in the frame F I moving with the ions. With the addition of Doppler effect in emission (i.e., observations at frequency ν o in the laboratory frame F L ), the expressions in Eqs. (1,2) change to (by using Eqs. (5-7))
that are linear in the speed β since the time-dilation effect γ cancels out. Therefore, the emission Doppler effect is not negligible, and should be included in analysis of results from high-speed ion experiments.
EFFECT OF OBSERVATION ANGLE
Additional work is needed to resolve the apparent inconsistency of experimental observations of the ratio R and prediction from SR with Doppler effects in the emission. It is shown, below, that expressions for the ratio R appear to be closer to the observed results if the angle of observation is not perpendicular to the motion of the ion. Note that previous work has shown that resonance fluorescence can be affected by the observational angle [9] . In the following analysis, time dilation is not included, however, it is possible that similar arguments could be developed with the time-dilation effect. Additionally, predictions using such modifications of the observation angle would need to be validated experimentally. The linear Doppler shifts of the ion transition frequencies (without time dilation) are
with the Doppler shift in the emission given by
where the emissions are observed at an angle
from the perpendicular to the ion velocities as shown in Fig. 3 , e.g., [10] . This leads to nonlinear (second-order)
terms of speed β in the Doppler shifted frequencies
that are similar to the second-order terms in Eqs. (1,2) , which will therefore match (upto second order in β) experimental results for ion transitions [4, 5, 11] .
The resulting ratio R (using Eqs. 13-15)
is still not a constant -however, it does not contain second-order terms of speed β as in the results with SR and Doppler emission effect in Eq. (8) . In this sense, the results with an observation angle θ from the perpendicular (as in Fig. 3 ) appear closer to the experimentally-observed, constant-ratio R in Eq. (4). Thus, it is possible, that the observation angle might be important in the interpretation of high-speed ion experiments.
CONCLUSIONS
This article showed that time-dilation predictions of special relativity (SR) are matched by high-speed experimental results when the transverse Doppler effect in the observed emissions from the ions are neglected in the analysis. However, the Doppler effect in the emission should not be neglected because it is similar to the time dilation effect. Thus, the article highlighted the need to consider Doppler emission effects when using high-speed ion experiments to validate SR time-dilation predictions.
